Rapid, sediment-specific indicators of hydrophobic organic contaminants bioavailability proposed By Herbert L. Fredrickson, Ph.D., ERDC Environmental Laboratory, Vicksburg, MS Approximately 400 million cubic yards of sediments is dredged from U.S. ports, harbors, and waterways each year to maintain the nation's navigation system. Approximately 10 to 20 percent of this material is impacted with organic contaminants. Much of this dredged material is placed in diked confined disposal facilities. The U.S. Army Corps of Engineers would like to recycle this material for beneficial uses, and the Corps is required by the Clean Water Act to assess the potential for these contaminants to accumulate in biota. Simple models based on fugacity (e.g., the organic carbon normalized partitioning coefficient (K oc )) have been developed and are widely used to predict the partitioning of hydrophobic organic contaminants (HOC) between organic matter and organism lipid. Commonly used fugacity models assume HOC partitioning behavior is dictated by the amount of organic carbon in sediments and is independent of the quality of this organic matter. However, many publications have shown that the quality of organic carbon can greatly affect the bioavailability of HOC. K oc -based predictions of HOC partitioning behavior were compared to directly measured HOC partitioning to solid phase extraction (SPE) materials using sediments from on-going Corps dredging operations.
Experimental
Sediments from eight current Corps dredging projects were collected and characterized with respect to:
HOC types and levels, 
Results
The goal of the study was to determine if simple fugacity models could be used to predict the partitioning behavior of HOC in sediments representative of the range of physicochemical properties typically found in channels maintained by the Corps. The eight sediments examined exhibited a wide range of physicochemical characteristics ( Table 1 ). The columns in Table 1 read from left to right in increasing percentages of TOC because many sediment characteristics are directly related to TOC. The trend of increasing percentages of total carbon (TC), TOC, and black carbon from left to right in Table 1 is also reflected in the trend in the percentages of bulk silt. However, no such trend was seen for the other measured parameters.
Discussion
The levels of total solventextractable PAH ranged from 1.17 ng/gram dry weight (gdw) in Housatonic River sediment to 236.5 ng/gdw in Indiana Harbor sediment. As might be expected of sediments taken from systems with different histories of anthropogenic discharges, there was no correlation between total solvent-extractable PAH and TC or TOC. The percentage of total solvent-extractable PAH that partitioned to C 18 filters in 28 days ranged from 0.62 to 73.32 percent. These percentages were not correlated to the levels of total solvent-extractable PAH in the sediments. More importantly with respect to K oc -based partitioning models, there was also little correlation (r 2 = 0.42, increasing trend) between readily desorbed PAH and TOC ( Figure 1 ). Consistent and accurate predictions of HOC partitioning behavior based on K oc as described by Karickhoff (see Figure 1 . Relationship between percentages of readily desorbed HOC and sediment TOC footnote) are based on the presence of this correlation. K oc -based partitioning predictions ranged around 20 percent for all the sediments. Overestimating the readily desorbed total PAH fraction in five of the sediments, and underestimating partitioning in sediments from Kinnic River, Calumet River, and Indiana Harbor occurred.
The levels of black carbon in the sediments ranged from 0 in Housatonic to 9.19 percent in New Bedford Harbor sediment. The levels of black carbon in the sediments increased with the levels of TOC in the various sediments (that is, from left to right in Table 1 ) with the exception of New Bedford Harbor. New Bedford Harbor was the only site with saline water. Incorporation of a black carbon term into Karickhoff's K oc HOC partitioning model also resulted in predictions that about 20 percent of the total solvent-extractable PAH would be readily desorbed. Predictions using the black carbon term ranged from 21.09 percent in Calumet sediment to 25.83 percent in Housatonic sediment. Use of the black carbon term did not improve the accuracy of the predictions relative to the total PAH that was sorbed to C 18 filters (Table 1) . It also proved difficult to accurately predict PCB partitioning behavior in these sediments using simple fugacity models. The levels of total solvent-extractable PCB ranged from 0.67 ng/gdw of sediment in Green Bay to 1,560 ng/gdw of sediment in New Bedford Harbor. Although there was a better correlation (r 2 = 0.64) between readily desorbed PCB and TOC than seen with readily desorbed PAH, this correlation was not strong (Figure 1) .
K oc -based predictions of PCB portioning ranged from 46.17 to 65.35 percent of the total solventextractable PCB (Table 1) . Three of these percentages were higher than the percentages of readily desorbed PCB (i.e., measured on the C 18 filters) while five were lower. Inclusion of the black carbon term improved the accuracy of the K ocbased prediction of total PCB partitioning with respect to the readily desorbed total PCB (i.e., 28-day sorption to C 18 filters) for six of the eight sediments.
Conclusions
The Corps spends over $500 million annually on dredging. The volume of sediment to be managed-together with the propensity for HOC to accumulate in sediments, the heterogeneous distribution of HOC in sediments, and the continual movement of sediments and resorting of particles during transport-results in the practical need for rapid screening procedures.
Simple fugacity-based HOC partitioning models enable sediment managers to:
Estimate potential bioaccumulation with sediment-specific information on levels of HOC and TOC.
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Look up values of HOC octanolwater partitioning coefficients in published tables.
The facility of this model and its low data demands have resulted in its wide application. However, as Karickhoff has pointed out, "acceptability of a predictor depends upon the use to be made of the resulting number(s), the span of the environmental conditions over which the predictor is to be applied, and the degree of accuracy or precision required in its usage."
Since sediment organic matter is generally a good sorbant of HOC, it can be intuitively expected that the amount of organic matter in sediments would affect HOC partitioning from water to sediment. In terms of partitioning coefficients (K d ), it would be convenient if there would be a linear relationship, namely
where f oc is the fraction of organic carbon. The value of f oc is measured, but K oc is unknown for a given sample. For most organic carbon, K oc is related to K ow , the (Figure 2) , and the obvious reason is that not all organic carbon is the same. When the ratio of desorbable PCBs to desorbable PAHs is not constant, there is a variable bias. For most of these sediments, the PCBs are more readily desorbable than the PAHs. This bias factor ranges from a high of 30 for the Waukegan sediment, with roughly equal total extractable PAHs and PCBs, to a low of 1 for the Indiana sediment. This variable bias could come from several sources. One is the potentially variable absorption and desorption of different HOCs for the SPE procedure, despite the use of recovery standards. For spiked compounds the recovery was essentially 100 percent for all our analyses. Another source of variability could be the use of the lumped parameters total PAHs and total PCBs. However, for many of the sediments the individual PCBs and PAHs were similar if not identical, and yet they still had bias in the recovery ratio. This narrowing of the potential sources of variability leaves the sediment itself and, probably, the quality of the organic carbon in these sediments.
Some of the recent literature has focused on black carbon. We used a black carbon normalized partitioning coefficient (K bc ) and the fraction of black carbon in the sediment (f bc ) in an attempt to improve the accuracy of fugacitybased predictions. 
More information is available from
However, similar results were obtained. Thus, neither the linear organic carbon partitioning nor the extended linear organic carbon + black carbon models consistently explained HOC sorption onto C 18 filters from the sediments in our experiments.
Using a reference sediment with physical and chemical characteristics similar to the one being evaluated can improve the accuracy of K oc -based partitioning predictions. The uncertainty of K oc -based HOC partitioning has been discussed.
Summary
HOC-contaminated sediments were opportunistically chosen from ongoing dredging studies. The physical and chemical properties
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of these sediments varied widely. Simple fugacity models based on K oc and K oc with a black carbon term failed to accurately or consistently predict the total levels of PAH or PCB that were readily desorbed. Use of a functionally defined, readily desorbed HOC fraction is a rapid means of obtaining sediment-specific information on the bioavailability of HOC. Additional work is required to relate readily desorbed HOC to body burdens in benthic infauna. Karickhoff, S.W. (1981) . "Semiempirical estimation of sorption of hydrophobic pollutants on natural sediments and soils," Chemosphere 10:833-846. The theme of the conference is "Coastal Development -A Quest for Excellence" and the issues it covers include models for "good" coastal development, change in port infrastructure and efficiency, costs of regulation and compliance, managing conservation and development, assessing impacts of coastal structures on the natural system, and changes in science and technology in modeling and monitoring coastal change. Papers on these and other coast and port issues are welcomed. Abstracts should be a maximum of 250 words and should be submitted by February 28, 2004 . Electronic submission is preferred and should be sent to: coasts and ports@tcc.co.nz both as an attachment and in the body of the email. Postal submissions should be on disk labeled with your name and contact details and sent to the Conference Managers (see below 
Dredging

